The targeted gene inactivation of endothelins-1 and -3 (ET-1 and ET-3) and of one of their receptors, ETB, in the mouse causes severe defects in the embryonic development. These defects, cardiovascular and craniofacial malformations for ET-1, and colonic agangliogenesis associated with skin pigmentation anomalies for ET-3 and the ETB receptor, reproduce pathological phenotypes due to natural mutations of the same genes in the mouse and the human. The mutant phenotypes have been causatively linked to deficient migration/proliferation/differentiation of neural crest cells, i.e., neurocristopathies. To bring new insight about the exact roles of ETs in development and the involvement of neural crest cells in these processes, we have explored, by in situ hybridization, the ontogeny in the early human embryo of the ET system (ET-1 and ET-3, ETA and ETB receptors, ET converting enzyme-1). ET receptor mRNA expression in neural crest cells starts at 3 wk of gestation and continues during the entire period studied (up to 6 wk of gestation). During this period, ETA expression progressively spreads to undifferentiated mesodermal components of various structures and organs (head and axial skeleton, lateral and ventral subdermal mesoderm), whereas ETB expression remains more restricted to fewer differentiated cells (neural tube, sensory and sympathetic ganglia, endothelium). Some of these tissues and structures that express either one of the receptors do not appear to be […] 
Introduction
Endothelin (ET) 1 was discovered in 1988 by Yanagisawa (1) on the basis of its vasoconstrictive effect. ET-1 exerts a prolonged and intense vasoconstriction and remains to date the most potent vasoconstrictive agent. Two other isoforms, ET-2 and ET-3, were discovered later, which also display vasoactive properties. ETs are synthesized as precursors, big ETs which are converted into active ETs by endothelin converting enzymes (ECEs). The effects of the ETs are mediated by at least two distinct receptors, type A and B (ET A and ET B ), which bind ETs with different affinities. ET B binds all three ETs equally, whereas ET A binds ET-1 preferentially (for review see reference 2).
It was shown later that ETs have mitogenic properties and that this system could be involved in growth processes in vitro and in vivo (3) . ETs have mitogenic effects on endothelial (4), mesangial (5) , human ovarian carcinoma cells (6) , in Chinese hamster ovary cells expressing the ET A receptor (7) . It has also been shown that ET-3 has mitogenic effects on melanocyte precursors in culture (8, 9 ).
An unexpected role of the ET system in embryonic and fetal development has been discovered recently and appears to be essential for cardiovascular and neural crest (NC)-derived cell differentiation. The causative role played by the ET-3/ET B system in the murine l s and s l mutant phenotypes has been demonstrated by the targeted inactivation of the same genes (10) (11) (12) . The same pathological phenotype is observed in Hirschsprung's disease, a neurocristopathy sometimes associated with ET-3/ET B mutations (13) (14) (15) (16) (17) (18) . Similarly, ET-1 mutant mice present phenotypes characterized by cardiovascular and craniofacial malformations (19, 20) .
Considering the primordial role of ET in embryonic development, it is essential to study in detail the expression of the genes of the ET system during early phases of ontogenesis. These studies could help to solve issues such as the exact origin and target of ETs in mammalian embryos and fetus. Indeed, several lines of evidence point to NC cells and/or their derivatives as the prime targets for ETs in embryonic development: the identification of genetic defects of ET system genes in hereditary diseases previously suspected to be neurocristopathies, the reproduction of similar phenotypes by gene inactivation of ETs and the ET B receptor, the inability of enteric neuroblasts to normally colonize the hindgut of mice defective for the ET B (s l mutant mouse) and ET-3 (l s mutant mouse) genes (21) , and the mitogenic effect of ET-3 on melanoblast, i.e., NC cell, differentiation in culture (8, 9, 22) . However, very little is known about the exact origin and target cells of ETs in mammalian embryo and fetus (19, 20, 23, 24) . For instance, it is not at all clear whether ET receptors are expressed in ganglionic cells or in mesenchymal cells, and in what part of the digestive tract, or from where comes the message necessary to the migration, colonization, arrest at their destination, and differentiation of the ganglionic cells whose absence in the colon characterizes Hirschsprung's disease. The source(s) of ETs, their actual participation and their mechanism of action (autocrine, paracrine, or hormone-like at distance) remain to be elucidated.
We have performed an extensive in situ hybridization study of ETs-1 and -3, ECE-1, and the two ET receptors which constitute the major components of the ET system, in the human embryo from stages 10 to 17 (21-44 d of gestation). This study in the human shows for the first time the early expression of the ET A and ET B receptors and directly confirms the possible involvement of ETs in early NC cell migration/proliferation/ differentiation. The results underline the teratogenic risks of ET antagonists during pregnancy.
Methods
The techniques for preparation of human embryo paraffin sections, probe labeling by in vitro transcription, and in situ hybridization used in these studies were described previously (25, 26) . Only a brief account of these techniques and details about the cDNA used are given below and in Table I .
Human tissue. 16 human embryos from 3 to 6 wk of gestational age (Carnegie stages 9-10 to 17) were obtained after legal abortion by Mifepristone (Hôpital Broussais, Paris, France). Written maternal consent was obtained after information about the research project was given and the abortion had been performed. INSERM and the ethics committee were informed about the entire research project. Embryos within the trophoblast were fixed in 4% paraformaldehyde in PBS, then dissected out of the trophoblast and postfixed for 8-20 h. The actual developmental stage of each embryo was established according to the Carnegie classification (27) . After dehydration and embedding in paraplast, sagittal, transversal, or frontal serial sections were cut (7 m) and mounted on silanated slides.
Riboprobe transcription. All cDNAs used in this study were recloned by RT-PCR of placenta or umbilical cord total RNA, using the primers and conditions detailed in Table I . In vitro transcription was carried out in the presence of 35 S-UTP (Amersham, Les Ulis, France) and the respective RNA polymerase (Boehringer Mannheim, Mannheim, Germany) to generate the antisense and sense probes as shown in Table I . Riboprobes were purified by ammonium acetateethanol precipitation and dissolved in 100 l TE-DTT (10 mM Tris, 1 mM EDTA, 20 mM DTT). Starting from 100 Ci 35 S-UTP and ‫ف‬ 1 g of cDNA, 80-90% of all radiolabeled UTP was recovered in the precipitate. The average transcription reaction yielded 1-2 ϫ 10 6 cpm/ l probe. Labeled probes were diluted to 10-13 ϫ 10 3 cpm/ l in a hybridization mixture containing 50% formamide, 2 ϫ SSC (0.3 M NaCl, 0.03 M Na citrate), 1 mg/ml salmon sperm DNA, 10% dextran sulfate, and 70 mM DTT.
It was verified that there was no cross-hybridization for the ETs and ET receptor probes by specific labeling in transfected cells expressing either one of the cDNAs.
The ECE-1 probe used detects both the ECE-1a and ECE-1b mRNAs equally since it corresponds to 100% identical sequences of the two isoforms (28).
In situ hybridization. The detailed protocol for in situ hybridization has been published recently (25) . It includes a step of signal enhancement by microwave treatment of the sections and a digestion with proteinase K. The hybridization of the sections was performed by covering the sections with 30 l of the hybridization mixture (3-4 ϫ 10 5 cpm/section) and incubating them overnight in a humid chamber at 50 Њ C. The posthybridization washes included solutions of varying degrees of stringency (from 5 ϫ SSC with 50% formamide at 55 Њ C to 0.01 ϫ SSC at room temperature) and a digestion with RNase A (20 mg/ml; Sigma, Saint-Quentin, France). The slides were exposed on a Biomax MR film (Eastman Kodak, Rochester, NY) to obtain macroscopic autoradiographic pictures (1-3 d) and then were dipped into NTB2 liquid emulsion (Eastman Kodak). At the end of the exposure time (1-4 wk), the slides were photographically processed and stained with Toluidine blue. Sections were observed with either bright-field or dark-field illumination. As the number of embryos at each stage was not sufficient and the hybridization conditions were not always strictly comparable, notably the length and the specific radioactivity of the probes, no attempt was made at a quantification of the hybridization signals. The labeling intensity was compared only between structures and organs within a series of sections of the same embryo hybridized with the same probe. A structure was determined positive for a probe when its labeling was unambiguously above the background observed with the sense probe.
Immunostaining. At the end of the posthybridization washes, some slides were immunostained with an antibody to tyrosine hydroxylase (Institut Jaques Boy, Reims, France). The immunostaining protocol included a preincubation in a normal serum, an incubation in the primary antibody ( ␣ -tyrosine hydroxylase diluted 1:1,000, for 60-90 min), a biotinylated secondary antibody, the ABC-peroxidase complex (Vector Laboratories, Burlingame, CA), and DAB-H 2 O 2 as a chromogen. After DAB incubation, slides were washed overnight in 50 mM Tris, pH 7.6, and then dehydrated. The immunostained slides were then processed for autoradiography like the other slides.
Results
Human embryos of the fourth and fifth weeks of gestation are characterized by crucial developmental processes: beginning of NC cell emigration from the neural tube (NT), separation into the neurectodermal and mesectodermal lineages and migration toward their final destination, closure of the NT, extension of the somites, beginning of the curvature of the heart, and appearance of the first heart beats and blood flow through the aortic arches, the aorta, the umbilical and vitelline arteries, and veins. In situ hybridization was performed to identify, in the early human embryo, in which cells the ET system was expressed.
Stage 9-10. ET A receptor mRNA was detected in the anterior NT in two small symmetrical groups of cells at the junction of the neuroepithelium with the surface epithelium (Fig. 1, A  and B ) , the exact location of the NC. Parallel to but outside of the NT, a diffuse cluster of mesenchymal cells, and in apparent continuity with this cluster also the mesenchyme around the aorta, showed the ET A mRNA labeling (Fig. 1, E and F ) . The lateral and dorsal sides of the pharyngeal epithelium, which will form the roof of the first branchial pouch, were also labeled for the ET A receptor (Fig. 1 E ) . This latter epithelium, ventrally further, and always in the anterior half of the embryo, the coelomic epithelium, which forms the dorsal mesocardium and the myocardium of the primitive heart tube, was positive for ET A receptor mRNA (Fig. 1 E ) . Caudally to the heart tube, cells positive for ET A were scarce in the NC and completely absent beyond somite 4.
In the same stage 9-10 embryos, only a faint signal for ET B receptor mRNA was detectable in the NC cells within the neuroepithelium (Fig. 1, C and D ) . There was no signal at all in the presomitic mesenchyme, although a clear hybridization signal was visible in the surface epithelium prolonging the neuroepithelium (not shown). ET B receptor mRNA was also shown in the wall of the foregut diverticulum but only on the lateral and ventral sides, contrary to the ET A which was detected in the lateral and dorsal parts. The thin layer of cells which forms the endocardium within the heart cavity and the wall between the bulbus cordis and the ventricle also showed a low expression level of ET B mRNA. In the caudal part of the embryo, the notochordal plate displays a clear hybridization signal for ET B , restricted to an array of 5-10 cells, directly in contact with the floor plate of the NT (not shown).
Stage 10-11. Mesenchymal cells which express the ET A receptor mRNA were distributed around the NT in the whole cephalic region with a higher density of positive cells at the mid-and hindbrain than at the forebrain level ( Fig. 1 G ) . The branchial arteries were surrounded with ET A receptor positive cells ( Fig. 1 G ) . ET A receptor transcripts were also detected in the wall of the aorta ( Fig. 1 I ) , and the myocardium in both the common ventricular and the atrial chambers of the heart (not shown). Along the NT, cells labeled for the ET A receptor mRNA were observed in continuous streaks emigrating from the point of NT closure and reaching the somites (Fig. 1, I and K ). Lateral to the NC cells, the outward layers of the somites, i.e., the dermatome, were labeled whereas the inner layers, i.e., the myotome and the sclerotome, were not ( Fig. 1 K ) . In the lateral prolongation of the somites, beneath the ectoderm, labeled cells were observed in the mesenchyme. Ventral to the NC clusters of ET A positive cells ( Fig. 1 I ) , other mesenchymal cells formed a continuous population reaching the aorta, whose walls harbor some labeled cells, and the mesonephros. No positive cells were observed in the vicinity of the foreguthindgut region of the digestive tube, the hepatic diverticulum, or the sinus venosus ( Fig. 1 I ) .
The pattern of ET B receptor mRNA expression at stage 10-11 differed from that of ET A . At cephalic level ( Fig. 1 H ) , labeled cells were found within the neuroepithelium and they displayed an increasing gradient from the forebrain (almost no positive cells) up to the hindbrain (almost all cells within the NT labeled), with the exception of the floor plate, always devoid of labeled cells. More caudally, at the same site where ET A receptor mRNA was detected in NC cells leaving the NT (Fig. 1, I and K ), ET B receptor mRNA was also detected (Fig.  1 , J and L ). Like ET A positive cells, ET B positive cells formed streaks of cells extending from the dorsal side of the NT to the somite, but unlike ET A positive cells, ET B cells were observed in great number in the mesenchyme between the somite and the NT but not between the somite, i.e., the dermatome, and the surface epithelium. Outside of the brain, isolated positive cells were present in small numbers in the vicinity of the otic vesicles, and in the mesenchyme around the branchial arteries ( Fig. 1 H ) . The epithelium of the pharyngeal cavity was not labeled. Along the digestive tube the most distinctive feature was the presence of cells which express ET B receptor mRNA in the mesenchyme around the digestive tube ( Fig. 1 J ) .
At stage 10-11, cells which expressed ET-1 mRNA were observed in the mesodermal component of the first branchial arch and in the endothelium of the sinus venosus, endocardial cushion, and aorta (not shown). No ET-3 mRNA could be detected at that stage.
Stages 12-13-14. The observations made on stage 12 and 13 embryos are summarized in Table II. ET A receptor transcripts were still detected at cephalic level in the whole mesenchyme with a particularly high density of labeling around cephalic vesicles, the otic vesicles, and large blood vessels. At stage 13-14, cells within the cephalic ganglia, such as the fascioacoustic and trigeminal ganglia, were labeled.
ET A receptor transcripts were detected in mesenchymal cells of the branchial arches and around the pharyngeal region of the digestive tube whose epithelial layers were also positive. In the heart, the myocardium was labeled with a particularly high level of labeling observed in the myocytic layer of the outflow tract composed by the junction of the branchial arteries and the aortic sac. No ET A labeling was observed in the endocardium (Fig. 1 O) . A few labeled cells were seen in the mesenchyme closely lining the aorta (Figs. 1 M and 2 A) and other large vessels such as the sinus venosus between the heart and the liver.
The trachea-brunchi and the pharynx-esophagus pass through the same ET A positive mesenchyme. The level of ET A receptor expression increases up to the entrance of the stomach and then decreases from the exit of the stomach to the duodenum, where only cells of dorsal and ventral mesenteries appear labeled. In the liver, the hepatocytes appear devoid of labeling, whereas the cells lining the hepatic islets were strongly ET A positive.
In the mesonephros, all epithelial structures, including the Wolffian duct, were negative for ET A , whereas a few ET A positive mesenchymal cells were detected around the glomeruli. These ET A mRNA labeled mesenchymal cells appeared to form a continuous population of positive cells surrounding many differentiated structures and displaying various cell densities and labeling intensities (sclerotome, blood vessels, digestive tube, trachea).
The distribution of ET B receptor mRNA at stages 12-13-14 becomes more different than at earlier stages from that of ET A receptor at earlier stages. While ET A receptor mRNA tends to be expressed in most of the undifferentiated mesodermal and mesenchymal cells surrounding epithelial structures (Fig. 1 M) , in contrast ET B receptor mRNA (Fig. 1 N) was expressed in a much more limited number of cells which belong to more defined cell types, like the NT, the ganglionic or endothelial cells. In the head, ET B mRNA expression is no more detectable in the forebrain whereas the mid-and hindbrain remain positive. The two largest ganglia in the hindbrain region (fascioacoustic and trigeminal) displayed a high intensity of labeling in most cells within the ganglion, while the surrounding mesenchyme was negative. Caudally, from thoracic to lumbosacral ganglia, cells positive for ET B formed a continuous chain which extended ventrolaterally along the internal aspect of the somites and then, further ventrally, toward the Wolffian duct and the Axial structures:
The ϩ and Ϫ signs refer only to the presence or absence of hybridization signal clearly distinguishable from background labeling and do not suggest comparative quantitative data. See Tables III and IV for dorsal aorta (Figs. 1 N and 2 B) where they constituted the chain of sympathetic ganglia. To summarize, the distribution of the cells which expressed ET B receptor mRNA constitute on each side of the embryo, from dorsal to ventral, a continuous longitudinal chain at the level of the NC, a segmented bed at the level of the somites, and strands of isolated cells when they reach the aorta. The somites were devoid of ET B mRNA expressing cells except for the strands of cells going across the sclerotome toward the aorta. Mesenchymal cells scattered around branchial arches were labeled for ET B mRNA. However, at stage 13-14 there were few labeled cells and they were condensed near the center of the mesodermal component of arches 1 and 2. In the heart, ET B mRNA was detected in the endocardium of all chambers. The highest level of labeling was observed within the trabeculated wall of the common ventricular chamber (Fig. 1 P) .
In the digestive tract, ET B positive cells were detected within the mesodermal component of the pharynx and stomach, circling the gut epithelium at some distance. These cells were characterized as enteric neuron precursors by their tyrosine hydroxylase immunoreactivity. Contrasting with the esophagus, the trachea did not show any ET B positive cells within its mesoderm. Lower along the digestive tube, positive cells became less frequent. In the liver, as with ET A receptor mRNA, the ET B receptor mRNA was not detected in hepatocytes but rather in cells lining the hepatic islets. Whether these positive cells are the same as those positive for ET A could not be determined. In the mesonephros, the epithelium of the Wolffian duct and its collecting tubule diverticula showed a strong ET B hybridization signal whereas the proximal tubules and glomeruli were negative.
In stage 12-13-14 embryos, ET-1 mRNA expression could be detected in both the mesodermal and epithelial components of the branchial arches, in endothelial cells of all large vessels (Fig. 2 C) and in the endocardial tissue of the heart. However, in the ventricles, cells of the trabeculae which were ET B mRNA positive were ET-1 mRNA negative.
ET-3 mRNA was detected as a weak hybridization signal in the mesodermal component of the digestive tube, hardly above background level in the pharyngeal region and esophagus, but clearly detectable from the stomach to the hindgut. A weak ET-3 signal was also observed in the mesoderm of the four limbs.
ECE-1 was not detected within the brain and NT, but several mesenchymal layers of cells that more or less condensed outside the NT either in the head or the rest of the body showed a high level of ECE-1 mRNA expression. The mesodermal component of the digestive tube was negative, whereas the same tissue surrounding the main bronchus was positive for ECE-1 mRNA. In the liver, hepatocytes expressed ECE-1 mRNA. In the heart, all endocardial cells were positive for ECE-1 at a level higher than at all other locations in the embryo, particularly in the endocardial cushion (Fig. 2 D) and the endocardial cells of the trabeculated common chamber of the heart. The endothelium of all arteries was positive for ECE-1.
Human embryos of the fifth and sixth weeks are characterized by a profound remodeling and expansion of the vascularization, the formation of a four-chamber heart, elongation and specialization of the segments of the digestive tube, and differentiation of the sensory placodes. The observations made on stage 15-16-17 embryos are recapitulated in Tables III and IV. In the brain and NT, ET A receptor mRNA was detected only in the walls of capillaries budding from extraneural vessels (Fig. 2 E) . ET B receptor mRNA was still expressed with the same pattern as at previous stages (Fig. 2 F) with a clear restriction of the signal to the ependymal layers. In cephalic and dorsal root ganglia and in nerves, only a few small mesenchymal cells were ET A positive in comparison to the more numerous cells positive for ET B receptor in the same ganglia (Fig. 2,  G and H) . With both probes in these ganglia, typical neuronal cells showed no labeling. In contrast, in the sympathetic chain of ganglia typical neuronal cells, identified by their tyrosine hydroxylase immunoreactivity, were ET A negative and ET B positive (not shown). It is worth noting that the ganglionic cells displaying the strongest tyrosine hydroxylase immunostaining were ET B negative. A weak ET-3 labeling was also observed in the cervical superior ganglion, located dorsally to the aortic sac.
Almost all cells of the mesodermal component of the branchial arches were positive with the ET A probe (Fig. 2 I) , while ET B was expressed only in a round, dense cluster of cells located within the mesoderm of arches 1 and 2 and in the cervical superior ganglia (Fig. 2 J) . ET-3 mRNA expression was detected in the mesodermal component of the branchial arches, whereas ET-1 mRNA was not detectable.
The results of our observations on the heart are recapitulated in Table IV . In summary, ET A receptor mRNA is ex- Both ET A and ET B receptor mRNAs were expressed in the digestive tract from the pharynx to the stomach (Fig. 2 , K and L; see recapitulated observations in Table III ), but from there down, and up to the proximal segment of the umbilical loop, only ET B was expressed exclusively in ganglionic cells, not in the mesoderm (Fig. 2, M and N) . No ET B receptor mRNA was detected in the distal segment of the umbilical loop and the hindgut. ET-1 mRNA was absent from the digestive tube, whereas ET-3 mRNA was observed in the mesoderm from the duodenum to the hindgut (Fig. 2 O) , and ECE-1 from the pharynx to the hindgut. In the liver, ET A and ET B receptor mRNAs were expressed in nonhepatocyte cells, whereas ET-1, ET-3, and ECE-1 mRNAs were expressed in hepatocytes (not shown).
Discussion
This study on the human embryo describes the onset and distribution in various tissues of mRNA expression for ET A and ET B receptors, for prepro-ET-1 and -3 and for ECE-1 from 3 to 6 wk of gestation (prepro-ET-2 and ECE-2 were not studied). This period encompasses intense and crucial morphogenesis and organogenesis processes: closure of the NT and formation of cephalic vesicles, transformation of the cardiac tube into a four-cavity heart, closure and differentiation of the open digestive tube into esophagus, stomach, duodenum, umbilical loop, and hindgut, building of the entire peripheral nervous system including sensory and autonomous ganglia, and the edification of the axial skeleton. During the same period of development, NC cells appear in the NT, emigrate from the neuroepithelium, and colonize numerous and various target sites throughout the whole embryo. The temporal coincidence between the onset of the ET receptors and the critical period of NC cell migration, proliferation, and differentiation in tissues and structures, known to derive at least in part from the NC, will be examined in the context of ETs as growth/differentiation factors for NC cells.
ET receptors are not exclusive markers of NC and their derivatives. ET A and ET B receptor mRNAs appear first almost simultaneously around stage 9-10 in the neuroepithelium, at the exact location of the cephalic NC. However, at this early stage, cells which do not belong to the NC lineage also express ET A and ET B receptor mRNAs. If ET A labeled mesenchymal cells in the cephalic region might be considered of NC origin, this is not the case for the epithelium of the foregut diverticulum, the surface epithelium laterally to the neuroepithelium, the endocardium of the primitive heart, or the notochordal plate, all structures which express ET A and ET B receptor mRNAs. Moreover, stage 9-10 in human development (equivalent approximately to day 8-8.5 in the rat) corresponds to the very beginning of the cephalic NC formation and it is unlikely that NC cells have already migrated so far as the heart. Therefore, al- 
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Same legend as Table II. ready at the earliest stage of NC formation within the NT, ET A and ET B receptors appear more widely distributed than only the NC cells.
Expression of several ET system components in the same cells and in neighboring cells. Although both ET A and ET B
were not studied in the very same sections, this study suggests the colocalization of ET A and ET B receptors within the same cells since, from stage 10 onward, on a given section almost all cells in the NC appear labeled for each one of the two receptor probes. As we have hybridized a selection of sections ‫ف(‬ 200 m apart of each other), which cannot definitively exclude that the two receptors are expressed at different levels along the NT, all our observations, including sagittal sections at later stages, appear to exclude this possibility in stage 10 embryos and later in development. At all stages studied, the distribution of ET A receptor mRNA appears more widespread in the embryo than that of ET B . In addition, ET A is often restricted to the mesodermal component of structures and organs, despite its first appearance in NC within the neuroepithelium at stage 9-10. The tissue distribution of ET-1 and ET-3 mRNA expression is also different: ET-1 is expressed in few well identified and differentiated cells (endothelium and hepatocytes), whereas ET-3 displays a more diffuse pattern of expression in the mesodermal component of the branchial arches and the digestive tract. Assuming that an ECE is also present at the same site to convert big ET-1 or big ET-3 into its active form, and given the respective affinities of ET A and ET B for ET-1 and ET-3, the colocalization of ET-1 with ET B in endothelial cells, of ET-1 with ET A in the branchial arches, or of ET-3 with ET B in the hindgut may facilitate discriminating effects of ETs which would otherwise appear impossible or not ligand specific, because of the source-target distance and distribution in the whole body of the embryo. For instance, ET-1 produced by endothelial cells can exert autocrine or paracrine effects directly on the same or on neighboring cells through the ET B receptor at the surface of these endothelial cells, whereas ET-3 may be prevented from acting on these endothelial cells because of the distance and physical barriers from the main source of ET-3 (the mesoderm of digestive tract and first branchial arch) and the endothelium lining the lumen of blood vessels. The respective distribution patterns of expression of a ligand and of its receptor appear as essential parameters to account for the specificity of the effects, in addition to the respective affinities of the ligands for the receptors.
The existence of such a strictly local mechanism is confirmed by the inability of ET-1 to substitute for the inactive form of ET-3 in l s mutant mice in inducing the differentiation of the enteric nervous system in the distal part of the gut (10) . ET-3 is produced in the mesodermal component of the digestive tract, in cells which completely surround the ganglionic cells. In normal animals these latter cells express ET B receptor mRNA and are directly exposed to ET-3 produced in neighboring mesodermal cells. If ET-3 is defective, as in l s mutant mice, even though ET-1 is produced in the mesenteric artery, a sufficient concentration of this ligand does not reach the dense mesodermal compartment, where ganglionic cells migrate, to induce a normal colonic gangliogenesis. The hormonal effect of ET-1 cannot substitute for the deficient local effect of ET-3.
Spatiotemporal pattern of expression of the ET system components. The causative role played by ET-3 and its ET B receptor in some cases of Hirschsprung's disease (13) (14) (15) (16) (17) (18) , in s l and in l s mutant mice (10, 12) , and in the experimental models reproducing the same phenotype (10, 12) raises the question of the sources and targets of the ligands. Consequently, several recent articles have underlined the need to answer these questions in order to explain the phenotypes observed and clarify the involvement of ETs on NC cell differentiation (22, 29, 30) . Our observations of the spatiotemporal pattern of expression of the ET system components in the digestive tract, cardiovascular system, nervous system, and axial skeleton during the critical period of NC cell migration constitute a decisive step toward answering these questions. For instance, in the digestive tract, ET A and ET B receptor mRNA are expressed in the mesoderm of the anterior part of the digestive tube (ET A from pharynx to stomach and ET B from pharynx to esophagus). ET B is also expressed in the digestive tube but in ganglionic cells (identified by tyrosine hydroxylase immunostaining) along the digestive tube up to the umbilical loop with a distribution comparable to that of ET B mRNA in the chick embryo (22) . It is most likely that the oldest embryos observed in this study (stage 17) were too young to display the complete colonization of the whole gut, and therefore they may be at the exact stage when the digestive tube colonization by ganglionic cells is arrested in Hirschsprung's disease and in cognate mutant mice. The ligands are also simultaneously expressed in the digestive tract: ET-1 in the endothelium and smooth muscle cells of the mesenteric artery, and ET-3 in the mesoderm from the duodenum to the hindgut. Since ECE-1 is also expressed in the same mesodermal cells as ET-3, active ET-3 can be produced there. From these observations we propose the following explanation for the absence of ganglionic cells in the distal part of the hindgut consecutively to an ineffective ET-3/ET B interaction. ETs are not essential to the migration, colonization, and differentiation of ganglionic cells in the foregut up to a point between the duodenum and the proximal segment of the umbilical loop, since this part of the digestive tube is normally colonized by NC cells in ET-3/ET B defective individuals (10) (11) (12) 30) . In contrast, in the distal part of the digestive tube, ganglionic cells must be instructed by ET-3, produced by mesodermal cells, to continue to proliferate and delay their differentiation until they have colonized the most distal part of the digestive tube. In cases of defective ET-3 or ET B genes, ganglionic cells colonize the stomach, the duodenum, and midgut, but in the absence of a specific signal induced by ET B activation, stop proliferating, begin their functional differentiation, and do not reach the terminal part of the hindgut. As a consequence, the colon remains aganglionic as in the different models of megacolon linked to a neurocristopathy.
ET and melanoblast differentiation. The other major abnormality of the ET-3/ET B mutation is a spotted or a complete lack of pigmentation. The initial cause of this defect has been shown to occur shortly after NC cells leave the NT (31) and could be explained by a process quite similar to that proposed above for the agangliogenesis (8): in cultured NC cells ET-3 delays melanocyte differentiation and stimulates proliferation. In normal development, this proliferative effect would produce a sufficient number of melanoblasts to colonize the whole surface of the body. However, in a more recent paper by the same group (22) it was found that melanocytes do not express ET B receptor mRNA. In addition, Reid et al. (9) , using cultured NC cells from mouse embryos, showed that the ET-3/ ET B interaction caused successively proliferation and differentiation of melanocyte progenitor cells. The results reported in this study confirm the lack of ET B expression in melanoblasts once they are topographically distinct from the other NC lineages. Indeed, we demonstrate that ET A and ET B receptor mRNAs are both present in NC cells as they leave the neuroepithelium and form strands of cells along the neural axis, and until these cells part into two topographically distinct subpopulations which follow either the lateral or the ventromedial pathway. Then, respectively, they stop ET B expression and constitute the melanocyte progenitor population, or stop ET A expression and form mesectodermal and neural derivatives, including the ganglionic cells of the enteric nervous system. Thus, at least in the human, the ET B receptor present in the normal development mediates the proliferative effect of ET-3 on melanoblasts as on enteric ganglionic cells. The defective ET-3 or ET B genes can explain the two major signs (skin pigmentation and enteric gangliogenesis) of Hirschsprung's disease and related mutant mice models. Both defects may be caused at two different stages of development by the lack of the same ET-3/ET B mediated signal, thus leading to a too precocious differentiation of melanocytes or ganglionic cells before they have completely populated their predetermined territory. In this unified model, ETs could have a repressive effect on differentiation or more probably a stimulating effect on proliferation, thus indirectly delaying differentiation. However, if there is actually a source of ET-3 to activate ET B receptor in the gut, we did not detect either ET-1 or ET-3 mRNA in the close vicinity of the NC at the early stage of melanocyte migration. One has to postulate the production of ETs by the somites or the surface epithelium. Another possibility, which has been overlooked in this study as in others, is the putative role of ET-2, whose affinity is comparable for the two receptor types.
ETs and cardiogenesis. The heart tube and branchial arches are one of the important sites of ET receptors expression early in development. ET A receptor transcripts are detected in the myocardia when it is composed of a few layers of cells and ET B receptor transcripts are present at the same stage in the mesocardia. Later in development (stages 15 to 17), ET A mRNA is highly expressed in peripheral mesoderm of branchial arches. In comparison, ET B mRNA is restricted to a single cluster of cells, more or less central in arches 1 and 2. In the heart itself, all components of the ET system are present and allow us to envisage different possible interactions to explain the malformations observed in ET-1 deficient mutant mice (19, 20) . ET-1 may have mitogenic effects on cardiomyocytes and vascular smooth muscle cells through the ET A receptor and on endocardial cells through the ET B receptor. Both tissues contribute to the closure of the interventricular septum and to the formation of the inflow and outflow tract vessels of the heart.
Therefore, it appears that, as an ET-3/ET B interaction is involved in the colonic gangliogenesis, an ET-1/ET A dependent mechanism may account for the consequences of ET-1 inactivation since we have observed a high level of ET A receptor transcripts in all mesodermal cells surrounding the arches, epithelium, and branchial arteries, and an expression of ET-1 mRNA in the branchial arches (mesoderm and epithelium). ET-1 mRNA is also detected in endothelial and smooth muscle cells of the branchial arteries. When this ET-1/ET A system is ineffective, malformations occur probably due to altered proliferation and premature differentiation before all structures (cartilage, blood vessels, heart cavities) undergo their final functional differentiation. The full phenotype obtained, which is quite similar to that of the Pierre-Robin and other congenital syndromes (19) , is characterized by craniofacial and cardiovascular malformations due to impaired branchial arch differentiation.
ETs and NT. ET receptor mRNAs are expressed at high levels in the NT. The expression of ET B mRNA greatly surpasses that of ET A for the number of positive cells. With the exception of the youngest stages studied (stage 10 and younger), when both ET B transcripts are detected in NC within the neuroepithelium, only cells closest to the ependymal canal express ET B receptor mRNA. All the positive cells for ET A or ET B belong to the ependymal layer, whereas cells of the mantle layer and floor plate are completely devoid of receptor mRNAs. The mantle layer is the site where the first neurons differentiate, and the floor plate is involved in complicated and only partially understood interactions between the notochord and the NT. However, if ET B is to mediate any effects of ETs on the NT, the hormonal signal must be produced locally. Since neither ET-1 nor ET-3 mRNA is detected locally, one might consider for these effects the possible role of ET-2. This points to the involvement of the ET B receptor in the neuronal-glial lineage separation which occurs as cells of the NT undergo mitosis (32) . The exact source and nature of the ligand which triggers this fundamental differentiation process remains to be investigated.
Conclusion. The observations reported here show how ETs may exert critical roles in NC derived cell migration, proliferation, and differentiation, and how a defective ligand or receptor may account for the phenotypes of some neurocristopathies. This study constitutes the basis to understand some of the cellular interactions in which ETs are involved and which allow NC cells to multiply, migrate, and arrest at their destination, and to differentiate.
Finally, the expression of the ET receptors very early in human embryonic development, at a stage when pregnancy may not yet be known, points out the danger of artificially blocking or activating ET receptors during early pregnancy. Because of their potentially teratogenic effects, ET agonists and antagonists must not be used in women who are or who may become pregnant. These results appear as a timely warning when ET analogues, owing to their multifaceted effects, are the subject of numerous physiological studies aimed at applications in the human, and are being investigated in preliminary clinical trials.
